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Summary
Objective: To investigate the effect of surface motion on the gene expression of proteoglycan 4 (PRG4), hyaluronan synthases (HAS1, HAS2)
and on the hyaluronan (HA) and proteoglycan 4 (PRG4) release of chondrocytes from different zones of bovine articular cartilage.
Design: Superﬁcial zone, deep zone, full thickness, and superﬁcial/deep 1:1 mixed chondrocytes were seeded into 3D polyurethane scaffolds
and stimulated using our bioreactor that approximates kinematics and surface motion characteristics of natural joints. One hour of surface
motion superimposed on cyclic compression was applied twice a day over 3 consecutive days. Scaffolds were cut into top and bottom sections
and analyzed for gene expression of PRG4, HAS1, and HAS2.
Results: Depending on the cell population, the gene expression levels increased within 8 days of culture in unloaded scaffolds, with a stronger
increase in the top compared to the bottom sections. Mechanical loading further enhanced the messenger RNA (mRNA) levels in all cell types,
with most pronounced up-regulations observed for the PRG4 expression in deep zone and the HAS2 expression in superﬁcial zone cells. The
effect of the biochemical and biomechanical environment appeared to be additive, resulting in highest mRNA levels in the top sections of
loaded constructs. Bioreactor stimulation also enhanced the HA release in all cell populations. Full thickness chondrocytes experienced
the greatest effect on HAS1 mRNA expression and HA release, indicating that the interaction between cell populations may promote HA syn-
thesis compared to subpopulations alone.
Conclusions: Reciprocating sliding can be an efﬁcient tool for generating tissue-engineered constructs from various chondrocyte populations
by providing a functional cartilageesynovial interface.
ª 2007 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
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Cartilage
Repair
SocietyIntroduction
Articular cartilage functions to support and distribute forces
generated during joint loading and to provide a lubricating
surface to prevent wear or degradation of the joint. In order
to meet these requirements, the tissue is organized in dis-
tinct zones with differences in structure, composition and
mechanical properties. Cell shape, size, metabolic activity,
and the composition of the extracellular matrix vary as
a function of depth. Accordingly, superﬁcial (tangential),
middle (transitional) and deep (radial) zones, each having
specialized functional properties, can be distinguished1e4.
The mechanical functions of the superﬁcial zone (top
10e20% of the total thickness) are to resist shear stresses
produced by joint motion and to provide a smooth, nearly
frictionless surface. This zone has a relatively low amount
of aggregating proteoglycan and a high density of smaller
diameter collagen ﬁbers arranged parallel to the joint surfa-
ce1e4. Proteoglycan 4 (PRG4) is secreted predominantly by
superﬁcial zone chondrocytes, whereas cells from the mid-
dle and deep zone synthesize very low amounts of this pro-
tein. Biosynthesis of PRG4 by articular chondrocytes has
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Received 31 October 2006; revision accepted 3 March 2007.103therefore been used to demarcate the superﬁcial zone of
cartilage5e8. The PRG4 gene encodes for the homologous
proteins superﬁcial zone protein (SZP), lubricin, mega-
karyocyte-stimulating factor (MSF), and hemangiopoietin
(HAPO)8,9. During normal joint articulation, expression of
this proteoglycan has an important role for both preventing
cell attachment to the articular surface as well as maintain-
ing lubrication properties at the cartilageesynovial ﬂuid
interface7,10. Loss of PRG4 inﬂuences the functional prop-
erties of synovial joints, and a focal decrease in PRG4 in
early OA could have a role in the pathogenesis of cartilage
degeneration10,11. Hyaluronan (HA) is another macromolec-
ular product with key functions for joint physiology. In carti-
laginous matrix, HA serves as a backbone for the assembly
of aggrecan, the main matrix proteoglycan, and in synovial
ﬂuid, HA is important for providing the level of viscosity nec-
essary to minimize ﬂuid outﬂow during joint motion. It has
been suggested that PRG4 and HA interact to meet the
physiological requirements for maintaining proper joint lubri-
cation and providing a protective barrier over the deeper
cartilage layers12.
It is well established that chondrocyte metabolism is inﬂu-
enced by the mechanical environment. The integrity of car-
tilage might be enhanced by the induction of PRG4 and HA
synthesis in response to suitable biophysical stimuli13,14.
We have previously reported that applied surface motion
stimulated the gene expression of PRG4 and hyaluronan
synthases (HAS1, HAS2) in chondrocytes cultured in 3D4
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geneous population of phenotypically different chondro-
cytes isolated from full thickness articular cartilage.
Therefore, it remained unknown whether different chondro-
cyte subpopulations responded in a similar manner to the
applied stimuli, or whether intrinsic differences exist in their
responsiveness. To address this question, we investigated
the effect of surface motion on the gene expression of
PRG4, HAS1, and HAS2, and on the release of HA and
PRG4 by chondrocytes from different zones of bovine
knee joint cartilage. Superﬁcial zone, deep zone, full thick-
ness, and superﬁcial/deep 1:1 mixed chondrocytes were
seeded into hybrid ﬁbrin gel-polyurethane scaffolds15 and
stimulated using our bioreactor that has been designed to
approximate the movements and surface motion character-
istics of articulating joints16.
Materials and methods
POLYURETHANE SCAFFOLD
Cylindrical (8 mm  4 mm) porous polyurethane scaffolds
were prepared as described elsewhere17. The scaffolds
with interconnected pores had an average pore size of
200e400 mm and a pore-to-volume ratio of 85%. The
polymers used for scaffold preparation were synthesized
with hexamethylene diisocyanate, poly(e-caprolactone)
diol with a molecular mass of 530 Da, and isosorbide diol
(1,4:3,6-dianhydro-D-sorbitol) as chain extender18. The
scaffolds were sterilized in a cold-cycle (37C) ethylene
oxide process, and subsequently evacuated at 45C and
150 mbar for 3e4 days. Before cell seeding, the scaffolds
were evacuated in the presence of growth medium for
1 h, in order to wet the hydrophobic polymer.
CHONDROCYTE ISOLATION, SEEDING
AND CULTURE CONDITIONS
Knee joints of ten 2e4 month old calves were obtained
directly after slaughter and processed under aseptic condi-
tions. Full thickness cartilagewas harvested from the femoral
groove. Superﬁcial zone cartilage was harvested by careful
abrasion of the joint surface, using a scalpel blade, from
the patella, the femoral condyle and the femoral groove.
Deep zone cartilage was harvested from the lower third of
the remaining cartilage of the femoral condyle and the femo-
ral groove, while the upper two thirds were assigned to the
middle zone section. Superﬁcial zone, middle zone, deep
zone, and full thickness chondrocytes were isolated from
the respective tissue sections using sequential pronase
and collagenase digestion19. The isolated cells were
counted by hemocytometer, and cell viability was assessed
by trypan blue exclusion method. In six experiments, primary
(n ¼ 2), ﬁrst passage (n ¼ 2), and second passage (n ¼ 2)
superﬁcial and deep chondrocytes were used. In another
four experiments, primary superﬁcial, deep, full thickness,
and superﬁcial/deep 1:1 mixed chondrocytes were used.
A ﬁbrinepolyurethane hybrid system was used for 3D cell
culture. The incorporation of ﬁbrin had previously been
shown to improve the cell distribution and extracellular ma-
trix retention within the scaffold and the phenotype expres-
sion of the cells as compared to polyurethane without
ﬁbrin15. Different populations of chondrocytes were sus-
pended in ﬁbrinogen solution and then mixed with thrombin
solution immediately prior to seeding them into the polyure-
thane scaffold at a cell density of 10  106 per scaffold. The
ﬁbrin components were provided by Baxter Biosurgery(Vienna, Austria). The ﬁnal concentrations of the ﬁbrin gel
were 17 mg/ml ﬁbrinogen, 0.5 U/ml thrombin, and 665
KIU/ml aprotinin15. Constructs were incubated for 45 min
(37C, 5% CO2, 95% humidity) to permit ﬁbrin gel formation
before adding growth medium (Dulbecco’s modiﬁed Eagle’s
medium) supplemented with antibiotics, 10% fetal calf se-
rum (FCS), 50 mg/ml ascorbic acid, 40 mg/ml L-proline,
non-essential amino acids, and 500 KIU/ml aprotinin). Since
cells are particularly susceptible to oxidative damage di-
rectly after enzymatic treatment for cell isolation20, the addi-
tion of ascorbic acid was delayed until 2 days post-seeding.
After 5 days in culture, cell-scaffold constructs were ex-
posed to mechanical loading as described below.
MECHANICAL LOADING
Mechanical conditioning of cell-scaffold constructswas per-
formed using our bioreactor system, which was installed in an
incubator at 37C, 5% CO2, and 85% humidity (Fig. 1)
16.
Brieﬂy, a commercially available ceramic hip ball (32mm in di-
ameter) was pressed onto the cell-seeded scaffold. Interface
motion was generated by oscillation of the ball about an axis
perpendicular to thescaffoldaxis.Superimposedcompressive
strain was applied along the cylindrical axis of the scaffold.
For each experiment, samples were assigned in dupli-
cates to one of two groups: the loaded group was exposed
to ball oscillation of25 at 0.1 Hz. Simultaneously, dynamic
compression was applied at 0.1 Hz with 10% sinusoidal
strain, superimposed on a 10% static offset strain, resulting
in an actual strain amplitude of 10e20%. One hour of me-
chanical loading was performed twice a day over 3 consec-
utive days. In-between loading cycles, constructs were kept
free swelling, without surface contact with the ball. However,
they were always kept within the sample holders, in order to
assure the maintenance of their orientation. The group of
unloaded constructs served as controls.
A subset of loaded and control sampleswere digested with
proteinase K (0.5 mg/ml; overnight at 56C) and analyzed for
total DNA content using Hoechst 33258 dye assay21.
GENE EXPRESSION ANALYSIS
After 8 days in culture and six loading cycles, constructs
were horizontally cut into two sections (top and bottom) of
Fig. 1. Two stations of the four-station bioreactor that allows for
application of joint speciﬁc biomechanical stimuli to cell-seeded
scaffolds.
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each section separately in seven experiments. Sections
were pulverized under liquid nitrogen, and total RNA was
extracted with TRI Reagent (Molecular Research Center,
Cincinnati, OH) according to the manufacturer’s speciﬁca-
tions, using the modiﬁed precipitation method with a high
salt precipitation solution (Molecular Research Center).
Total RNA was also isolated from cell aliquots prior to seed-
ing them into the scaffolds to assess their basal gene
expression levels. Reverse transcription was performed
with TaqMan reverse transcription reagents (Applied Bio-
systems, Foster City, CA), using random hexamer primers
and 1 mg of total RNA sample.
PCR was performed on a 7500 Real Time PCR System
(Applied Biosystems). Oligonucleotide primers and TaqMan
probes (Table I; all from Microsynth, Balgach, CH) were de-
signed with Primer Express Oligo Design software, versions
1.5/2.0 (Applied Biosystems). Probes were labeled with the
reporter dye molecule FAM (6-carboxyﬂuorescein) at the 50
end and with the quencher dye TAMRA (6-carboxy-
N,N,N 0,N 0-tetramethylrhodamine) at the 30 end. To exclude
ampliﬁcation of genomic DNA, the probe or one of the
primers was selected to overlap an exoneexon junction.
Primers and probe for ampliﬁcation of 18S ribosomal RNA
which was used as an endogenous control were from Ap-
plied Biosystems. The PCR was carried out under standard
thermal conditions with TaqMan Universal PCR master mix
(Applied Biosystems), 900 nM primers (forward and re-
verse), and 250 nM TaqMan probe. Relative quantiﬁcation
of target messenger RNA (mRNA) was performed accord-
ing to the comparative CT method with 18S ribosomal
RNA as the endogenous control22,23.
HA AND PRG4 CONCENTRATION IN CONDITIONED MEDIA
During 3 days of mechanical loading, conditioned culture
media of loaded and control samples were pooled for each
construct and analyzed for HA concentrations using a com-
mercially available competitive enzyme-linked immunosor-
bent assay (ELISA) (Echelon Biosciences, Salt Lake City,
UT). Amounts of PRG4 in the pooled culture media were
determined by indirect ELISA as previously described24.
Table I
Oligonucleotide primers and probes (bovine) used for real time
PCR
PRG4;
Ref. AF056218
Primer fw (50e30) GAG CAG ACC TGA ATC
CGT GTA TT
Primer rev (50e30) GGT GGG TTC CTG TTT
GTA AGT GTA
Probe (50FAM/
30TAMRA)
CTG AAC GCT GCC ACC
TCT CTT GAA A
HAS1;
Ref. AB017803
Primer fw (50e30) GGC ACC CAC TGC ACC
TTT
Primer rev (50e30) CGA GGT GTA CTT GGT
GGC ATA G
Probe (50FAM/
30TAMRA)
CGT CAC CTC ACC AAC
CGC ATG CT
HAS2;
Ref. AJ004951
Primer fw (50e30) GGA TTA TGT ACA GGT
TTG TGA TTC AGA
Primer rev (50e30) ACC TCC AAC CAT GGG
ATC TTC
Probe (50FAM/
30TAMRA)
TCT CCA CAG ATG ATG
CTG GGT CAA GCSTATISTICAL ANALYSIS
SPSS 14.0 statistical software (SPSS Inc., Chicago, IL)
was used for statistical analysis (signiﬁcance at P <
0.05). For comparison of the basal gene expression of the
cells isolated from different zones, the mRNA levels of
freshly isolated middle zone, deep zone, full thickness,
and superﬁcial/deep 1:1 mixed cells were normalized to
the values of superﬁcial zone cells and analyzed by Manne
Whitney test to compare them to the superﬁcial zone cells.
The expression levels of the cultured unloaded cells were
normalized to the values of the respective cell population
before 3D culture and analyzed by ManneWhitney test to
compare them to the respective cell population before 3D
culture. The mRNA expression levels of mechanically stim-
ulated constructs were normalized to the expression levels
of the respective bottom sections of unloaded controls and
analyzed by analysis of variance using GameseHowell
post hoc test to compare groups. Total amounts of HA
and PRG4 released into the culture media during 3 days
of loading were normalized to the values of the correspond-
ing unloaded controls and analyzed by independent t-test to
compare the two groups.
Results
BASAL GENE EXPRESSION LEVELS OF CHONDROCYTE
SUBPOPULATIONS
The average yield of cells isolated from the superﬁcial,
middle and deep zones was 89.8  9.2, 33.7  5.2, and
28.5  2.9 million cells per gram of the respective tissue.
Cell viability, as assessed by trypan blue exclusion method,
was >95% for all the different zones. The basal mRNA ex-
pression of PRG4, HAS1 and HAS2 of middle and deep
zone cells was compared with the basal mRNA expression
levels of the respective superﬁcial zone cells. The relative
PRG4 expression was 0.08  0.05 in middle zone and
2.2  103  1.3  103 in deep zone chondrocytes; the
relative HAS1 expression was 1.0  0.44 in middle and
0.69  0.19 in deep zone, and the relative HAS2 expression
was 3.4  0.86 in middle and 9.8  1.9 in deep zone chon-
drocytes. Thus, compared to chondrocytes isolated from
the superﬁcial zone, the PRG4 expression was signiﬁcantly
lower in middle and deep zone chondrocytes, the HAS1 ex-
pression was slightly lower in deep zone chondrocytes, and
the HAS2 expression was higher in middle and deep zone
chondrocytes, while no difference in HAS1 expression was
observed between the superﬁcial and middle subpopula-
tions (Fig. 2).
HAS2 was expressed more abundantly than HAS1 in all
cell types. Assuming the reverse transcription efﬁciency is
the same for both genes, the HAS1/HAS2 mRNA expres-
sion ratio for the chondrocytes isolated from the superﬁcial,
middle and deep zones was 0.24  0.062, 0.053  0.010,
and 0.021  0.0059, respectively.
INFLUENCE OF 3D CULTURE ON GENE EXPRESSION LEVELS
OF CHONDROCYTE SUBPOPULATIONS
The gene expression levels of the cells in the top and bot-
tom sections of unloaded constructs cultured for 8 days
were compared with the expression levels of the respective
cells at day 0 of culture, i.e. before seeding them into the
scaffolds. There were no differences in relative mRNA ex-
pression levels between primary, ﬁrst and second passage
chondrocytes, and therefore the data from all experiments
1037Osteoarthritis and Cartilage Vol. 15, No. 9were combined for statistical analysis. Whereas the PRG4
expression did not change in superﬁcial chondrocytes for
the culture period, the PRG4 expression of deep zone chon-
drocytes was strongly enhanced, with a more pronounced
increase in the top (13.0  4.0 fold) than in the bottom (6.6
 2.0 fold) sections of the constructs. PRG4 up-regulation
was also noticed in the top sections of full thickness chon-
drocytes constructs. An increase in HAS1 mRNA expres-
sion was observed during culture in both top and bottom
parts of scaffolds containing cells from any of the four differ-
ent groups. Interestingly, the HAS1 mRNA expression was
most enhanced in full thickness chondrocytes constructs
(6.1  2.9 times in top and 6.5  3.8 times in bottom sec-
tions). The HAS2mRNA expression was increased in super-
ﬁcial zone chondrocytes, with a stronger up-regulation in the
top than in the bottom sections. In deep zone, full thickness,
and superﬁcial/deep 1:1 mixed chondrocytes, HAS2 expres-
sion was minimally affected during culture (Fig. 3).
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Fig. 2. Relative mRNA expression of middle zone (Middle), deep
zone (Deep), full thickness (Full), and superﬁcial/deep 1:1 mixed
(S/D) chondrocytes of bovine articular cartilage normalized to the
expression level of the chondrocytes from the respective superﬁcial
zone. Mean  S.E.M., n ¼ 10 for Middle and Deep, n ¼ 4 for Full and
S/D; *P < 0.01 vs superﬁcial zone cells.EFFECT OF MECHANICAL STIMULI ON GENE EXPRESSION
LEVELS OF CHONDROCYTE SUBPOPULATIONS
There was no difference in DNA content between loaded
and unloaded constructs, indicating that mechanical loading
neither affected cell proliferation nor cell detachment from
the scaffold (data not shown).
The gene expression levels of top and bottom sections of
stimulated constructs were normalized to the expression
levels of the bottom parts of the respective unloaded con-
trols. No difference in responsiveness to mechanical stimuli
was noted between primary, ﬁrst passage, and second pas-
sage chondrocytes. Applied surface motion superimposed
on axial compression led to a slight increase in the PRG4
mRNA expression of superﬁcial zone chondrocytes in
both bottom and top sections of the constructs. In deep
zone and full thickness chondrocytes, PRG4 up-regulation
(6.5  1.6 and 3.8  0.53 fold, respectively) was signiﬁcant
only in top sections of the scaffolds. In superﬁcial/deep
mixed chondrocytes, the PRG4 mRNA expression was
higher in both top and bottom sections of the loaded con-
structs compared to the bottom sections of the unloaded
constructs (not signiﬁcant). The PRG4 mRNA expression
was generally higher in the top sections than in the bottom
sections in all four groups [Fig. 4(a)].
The HAS1 mRNA expression was markedly increased by
applied surface motion in both top and bottom sections of
superﬁcial and deep zone chondrocytes constructs, while
it was most enhanced in the top sections of the full thick-
ness chondrocytes constructs (5.6  1.3 times). Similar to
the PRG4 gene expression response, the HAS1 mRNA ex-
pression was generally higher in the top sections than in the
bottom sections in all four groups [Fig. 4(b)].
The HAS2 gene expression was signiﬁcantly up-regulated
by mechanical loading in the top sections of all four groups
and in bottom sections of superﬁcial and deep zone chon-
drocytes constructs. Among the top sections of the four
groups, the superﬁcial zone chondrocytes had the largest
up-regulation. Similar to the PRG4 and HAS1 gene expres-
sion response, HAS2 mRNA values were higher in top sec-
tions than in the bottom sections in all four groups’ constructs
[Fig. 4(c)].0
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Fig. 3. Relative mRNA expression of superﬁcial zone (S), deep zone (D), full thickness (F), and superﬁcial/deep 1:1 mixed (S/D) chondrocytes
of bovine articular cartilage cultured in the bottom and top sections of 3D scaffolds for 8 days without loading; data were normalized to the
expression level of the respective cell population before seeding them into the scaffolds. Mean  S.E.M., n ¼ 14 for S and D, n ¼ 8 for F
and S/D; *P < 0.05 vs day 0 of culture.
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Fig. 4. Relative mRNA expression of (a) PRG4, (b) HAS1, and (c) HAS2 of superﬁcial zone (S), deep zone (D), full thickness (F), and super-
ﬁcial/deep 1:1 mixed (S/D) chondrocytes of bovine articular cartilage cultured in the bottom and top sections of 3D scaffolds for 8 days with
(load) or without (control) mechanical stimulation on days 6e8; data were normalized to the expression level of the cells in the bottom sections
of the respective unloaded scaffolds. Mean  S.E.M., n ¼ 14 for S and D, n ¼ 8 for F and S/D; *P < 0.05 vs respective bottom sections of the
unloaded scaffolds.EFFECT OF MECHANICAL STIMULI ON HA AND
PRG4 CONTENT IN CONDITIONED MEDIA
Total amounts of HA and PRG4 released into the culture
media on days 6e8 (3 days of loading) were normalized tothe values of the corresponding unloaded controls. The HA
content of the culture media was enhanced in all four groups
of cells bymechanical loading. The largest up-regulation was
noticed in superﬁcial/deep 1:1 mixed chondrocytes, followed
1039Osteoarthritis and Cartilage Vol. 15, No. 9by full thickness chondrocytes, superﬁcial zone chondro-
cytes, and deep zone chondrocytes. Loading also tended
to enhance the release of PRG4 by full thickness and super-
ﬁcial/deep mixed chondrocytes, although the differences in
PRG4 secretion between loaded and unloaded constructs
were not signiﬁcant. No difference in PRG4 release was ob-
served between loaded and unloaded superﬁcial cell con-
structs, while no measurable amounts of PRG4 were found
in media from deep zone cell constructs (Table II).
Discussion
Zonal organization is a crucial precondition for normal
function of articular cartilage, and the chondrocytes are re-
sponsible for the generation and maintenance of the zonal
architecture1e4,25. This study investigated the response of
different chondrocyte subpopulations isolated from calf bo-
vine articular cartilage to surface motion using our previously
described bioreactor system16. It had been hypothesized
from earlier studies that chondrocytes may adapt to their lo-
cal environment and change their gene expression proﬁle in
order to maintain joint homeostasis under load13,26. On the
other hand, it has been demonstrated that differences in
the reaction to mechanical stimuli exist between different
chondrocyte subpopulations27. Thus, the question remains
whether a speciﬁc stimulus induces an appropriate pheno-
type or whether primarily the cells with the corresponding
phenotype can react to a particular stimulus.
Our ﬁndings regarding the expression of the PRG4 gene
by the different chondrocyte subpopulations are consistent
with other investigations28,29, which validates our procedure
for harvesting tissue from the different zones of the carti-
lage. The marked difference of three orders of magnitude
in the PRG4 mRNA expression between cells from the su-
perﬁcial and deep zones conﬁrms that the cells from the di-
verse tissue sections harvested clearly differed in their
phenotype expression. This ﬁnding adds to previous reports
and further demonstrates that PRG4 expression can be
considered as a zonal molecular marker for chondrocytes
from the articular surface5,6,28.
The basal HAS1 gene expression was slightly lower in
deep zone compared to superﬁcial zone chondrocytes, and
the HAS2 mRNA expression was signiﬁcantly higher in
deep zone compared to superﬁcial zone chondrocytes, with
intermediate values for middle zone cells. In correlation with
data from the present study, HAS1 has been documented
to be expressed at lower levels than its isoform HAS2 also
in human articular chondrocytes30. In addition, HAS1 has
been considered as the potentially inducible form, whereas
HAS2 may represent the isoform that is constitutively ex-
pressed in articular chondrocytes and primarily responsible
for the production of HA for retention in the extracellularmatrix. The stronger basal expression of HAS2 in cells from
the middle and deep zones compared with cells from the ar-
ticular surface is consistent with the latter hypothesis.
The PRG4 gene expression of deep zone chondrocytes,
which was extremely low after isolation from the tissue,
was up-regulated during in vitro culture in the porous scaf-
folds. Moreover, the gene expression levels were higher in
the top compared to the bottom sections of the scaffolds.
This suggests that besides the speciﬁc mechanical stimuli,
other factors within the culture environment can also in-
ﬂuence the expression of the PRG4 gene. These factors
may include oxygen tension and/or access to nutrients. It
has been shown that supplementation of the culture medium
with ascorbic acid increased the release of PRG4 in various
culture systems of bovine calf articular cartilage discs and
isolated chondrocytes28. In addition, growth factors such
as insulin-like growth factor 1 and transforming growth factor
beta have been identiﬁed as anabolic stimuli for PRG4 syn-
thesis in chondrocytes7. Further studies will be required to
evaluate the role of other biochemical factors in the regula-
tion of the PRG4 gene. In addition, it may be possible that
even the slight ﬂuid ﬂow the cells experience during media
changes might affect the expression of a responsive gene
with a very low basic expression level. Cells extracted
from the cartilage surface did not alter their PRG4 mRNA
expression levels during scaffold culture, indicating that
the superﬁcial cell phenotype was maintained with respect
to PRG4 expression. The HAS1 mRNA expression in un-
loaded constructs had a greatest increase in full thickness
cells, which indicates that the interaction between different
subpopulations acts as an intrinsic mediator for delivering
the environmental signal of up-regulating HAS1 mRNA.
This ﬁnding has an essential meaning for practical tissue
engineering, in which full thickness chondrocytes are usually
used. On the other hand, the HAS2 mRNA expression level
of unloaded constructs increased in superﬁcial zone cells in
culture, so that these cells approached the expression levels
of the middle and deep zone chondrocytes. The HAS genes
have been shown previously to be responsive to various
growth factors and cytokines, although compared to serum
free culture conditions, the presence of FCS containing an
undeﬁned cocktail of growth factors resulted in decreased
levels of both HAS1 and HAS2 expression in human
chondrocytes30.
It was expected from earlier studies that applied surface
motion up-regulated the PRG4, HAS1, and HAS2 mRNA
levels of the chondrocytes. In all cell types, the inﬂuence of
the culture environment and of the mechanical conditioning
appeared to be additive. Generally, the cells of the top sec-
tions of the scaffold were more responsive to surface motion
than the cells of the bottom sections. This is not surprising,
since it is expected that the cells at the upper construct sur-
face would experience the effect of the ﬂuid ﬂow and shearTable II
Relative PRG4 and HA content of conditioned media from loaded superficial zone (S), deep zone (D), full thickness (F), and superficial/deep
1:1 mixed (S/D) chondrocytes constructs normalized to the PRG4 and HA content of the respective control samples
Rel. PRG4 Rel. HA
Control Loaded Control Loaded
S 1.0  0.023 0.99  0.10 1.0  0.030 1.8  0.11*
D nd nd 1.0  0.058 1.6  0.077*
F 1.0  0.048 1.6  0.46 1.0  0.033 2.2  0.32*
S/D 1.0  0.17 1.7  0.41 1.0  0.027 2.2  0.17*
Mean  S.E.M., n ¼ 12 for S and D PRG4 content, n ¼ 20 for S and D HA content, n ¼ 8 for F and S/D; *P < 0.05 vs respective control
samples; nd ¼ not detected.
1040 Z. Li et al.: Response of Chondrocyte Subpopulationsforces generated by the applied ball oscillation more directly
than the cells in the lower parts of the specimens. Thus, the
combination of biochemical and biomechanical stimuli may
maintain the homeostasis at the articular surface also in artic-
ular joints in vivo.
Although the PRG4 mRNA levels of the upper sections of
stimulated deep zone cell constructs were still clearly lower
than the basal expression levels of superﬁcial zone cells,
they increased in average 42 times over their basal expres-
sion values within a culture time of only 8 days. It may be
envisaged that prolonged culture in an optimized environ-
ment may further stimulate the PRG4 expression of deep
zone cells toward the level of cells from the cartilage sur-
face. The PRG4 up-regulation in the superﬁcial/deep mixed
loaded cells was clearly lower than in deep zone loaded
cells, which can be explained by the fact that in the super-
ﬁcial/deep mixed cells, the PRG4 expression of the superﬁ-
cial cells predominate, and the contribution of the deep cells
is almost negligible, also in the loaded samples. Thus, even
if the deep cells up-regulate PRG4 with loading, this mini-
mally affects the expression level of the mixed cells. In full
thickness samples, the superﬁcial cells make up a lower
proportion than in superﬁcial/deep 1:1 mixed cells, and it
can be imagined that the middle zone cells show an inter-
mediate response to mechanical loading between super-
ﬁcial and deep zone cells (similar to the deep zone cells),
so that the PRG4 gene expression was enhanced more
than in superﬁcial/deep mixed cells.
Relative surface motion also stimulated the HAS1 and
HAS2 gene expression in all types of chondrocytes. Not
only the top but also the bottom parts of the specimens
were affected, particularly in constructs containing cells
from only superﬁcial or deep zones. This demonstrates
that the mechanical stimuli can be translated from the sur-
face to the lower parts. Different mechanisms such as ﬂuid
ﬂow, cell deformation, cellecell, ematrix or eﬁbrin inter-
actions may play a role. Interestingly, the HAS1 gene ex-
pression experienced the largest up-regulation in the full
thickness cells after mechanical loading, which is similar to
its trend in unloaded 3D constructs during culture. This fur-
ther indicates that the interaction between different subpop-
ulations may result in enhanced HAS1 expression in full
thickness compared to single subpopulations alone (super-
ﬁcial or deep zone cells) or superﬁcial/deep mixed cells.
The HAS2 up-regulation upon both free swelling 3D culture
and biomechanical stimuli was strongest in the superﬁcial
zone cells, which had the lowest basal HAS2 level in primary
cells, indicating an adjustment of the cell phenotype similar
to the response of the PRG4 expression. Relative surface
motion had a stronger effect on the HAS1 than on the
HAS2 mRNA level, which is consistent with the hypothesis
that in articular cartilage, HAS1 may represent essentially
the inducible form that is responsible for the synthesis of
HA released into the joint space30.
Amounts of HA released into the culture media were
enhanced in all four groups of cells by mechanical loading.
Although there was no signiﬁcant difference between differ-
ent cells, there was a trend toward a stronger response in
full thickness and superﬁcial/deep mixed than in superﬁcial
or deep zone only cells. This further conﬁrms that the interac-
tion between different subpopulations may contribute to the
enhanced HA synthesis. Similarly, the secretion of PRG4
was slightly increased in loaded compared to unloaded full
thickness and superﬁcial/deep mixed chondrocytes. How-
ever, in spite of the up-regulation of the PRG4mRNA expres-
sion, PRG4 immunoreactivity could not be detected in media
of deep zone cell constructs. This might be related to therelatively low sensitivity of our PRG4 ELISA, which has a de-
tection limit of about 1e1.5 mg/ml, and to the fact that even
the loaded deep zone cells still had obviously lower PRG4
gene expression levels than superﬁcial zone cells. Longer
duration of cell culture might enhance the PRG4 synthesis
of deep zone chondrocytes up to detectable levels.
The results of this study indicate that local stimuli can
modulate the phenotype of the cells in order to adapt to
their speciﬁc environment. Moreover, the interaction be-
tween different zone subpopulations may have an important
meaning for regulation of HA synthesis. This may be signif-
icant for tissue engineering approaches where generally
heterogeneous cell populations are used. Restoration of
the zonal organization of engineered cartilage is an impor-
tant aspect, and some studies have aimed to reproduce
this zonal constitution by fabricating multi-layered con-
structs using chondrocytes from different zones of articular
cartilage31,32. However, due to the more complex organiza-
tion and the limited supply of cells from the various zones of
mature human tissue, it will be very difﬁcult to relate such
strategies to human application. Instead, it is conceivable
that an optimized mechanical and chemical environment
may direct cells from a heterogeneous population toward
the appropriate phenotype. Finally, it may be speculated
that after injury of the cartilage surface, under the proper
biochemical and mechanical stimuli, cells from the underly-
ing tissue may approach the phenotype of the superﬁcial
zone in order to restore the functional properties of the joint
surface.
Acknowledgments
We would like to thank Dr Andreas Goessl, Baxter Biosur-
gery, Vienna, for providing the ﬁbrin components; Dr Carl
Flannery, Wyeth Research, Cambridge, MA, for providing
anti-MSF antibody and rhMSF standard; and Robert Peter
for excellent technical assistance with cell culture and bio-
chemical analysis. This work was supported by the Swiss
National Science Foundation grant #3200B0-104083.
References
1. Aydelotte MB, Kuettner KE. Differences between sub-
populations of cultured bovine articular chondrocytes.
I. Morphology and cartilage matrix production. Connect
Tissue Res 1988;18:205e22.
2. Aydelotte MB, Schumacher BL, Kuettner KE. Hetero-
geneity of articular chondrocytes. In: Kuettner KE,
Schleyerbach R, Peyron JG, Hascall VC, Eds. Articular
Cartilage and Osteoarthritis. New York: Raven Press
1991:237e50.
3. Buckwalter JA, Mankin HJ, Grodzinsky AJ. Articular
cartilage and osteoarthritis. Instr Course Lect 2005;
54:465e80.
4. Mankin HJ, Mow VC, Buckwalter JA, Iannotti JP,
Ratcliffe A. Articular cartilage structure, composition,
and function. In: Buckwalter JA, Einhorn TA, Simon SR,
Eds. Orthopaedic Basic Science. Biology and Biome-
chanics of the Musculoskeletal System. American Acad-
emy of Orthopaedic Surgeons 2000:444e70.
5. Schumacher BL, Block JA, Schmid TM, Aydelotte MB,
Kuettner KE. A novel proteoglycan synthesized and
secreted by chondrocytes of the superﬁcial zone of
articular cartilage. Arch Biochem Biophys 1994;311:
144e52.
1041Osteoarthritis and Cartilage Vol. 15, No. 96. Schumacher BL, Hughes CE, Kuettner KE, Caterson B,
Aydelotte MB. Immunodetection and partial cDNA se-
quence of the proteoglycan, superﬁcial zone protein,
synthesized by cells lining synovial joints. J Orthop
Res 1999;17:110e20.
7. Flannery CR, Hughes CE, Schumacher BL, Tudor D,
Aydelotte MB, Kuettner KE, et al. Articular cartilage
superﬁcial zone protein (SZP) is homologous to
megakaryocyte stimulating factor precursor and is
a multifunctional proteoglycan with potential growth-
promoting, cytoprotective, and lubricating properties in
cartilage metabolism. Biochem Biophys Res Commun
1999;254:535e41.
8. Jay GD, Tantravahi U, Britt DE, Barrach HJ, Cha CJ.
Homology of lubricin and superﬁcial zone protein
(SZP): products of megakaryocyte stimulating factor
(MSF) gene expression by human synovial ﬁbroblasts
and articular chondrocytes localized to chromosome
1q25. J Orthop Res 2001;19:677e87.
9. Liu YJ, Lu SH, Xu B, Yang RC, Ren Q, Liu B, et al.
a novel human growth factor for the primitive cells of
both hematopoietic and endothelial cell lineages.
Blood 2004;103:4449e56.
10. Rhee DK, Marcelino J, Baker M, Gong Y, Smits P,
Lefebvre V, et al. The secreted glycoprotein lubricin
protects cartilage surfaces and inhibits synovial cell
overgrowth. J Clin Invest 2005;115:622e31.
11. Young AA, McLennan S, Smith MM, Smith SM,
Cake MA, Read RA, et al. Proteoglycan 4 downregula-
tion in a sheep meniscectomy model of early osteo-
arthritis. Arthritis Res Ther 2006;82:R41.
12. Jay GD, Lane BP, Sokoloff L. Characterization of a
bovine synovial ﬂuid lubricating factor. III. The inter-
action with hyaluronic acid. Connect Tissue Res
1992;28:245e55.
13. Grad S, Lee CR, Gorna K, Gogolewski S, Wimmer MA,
AliniM.Surfacemotionupregulatessuperﬁcial zonepro-
tein and hyaluronan production in chondrocyte-seeded
three-dimensional scaffolds. Tissue Eng 2005;11:
249e56.
14. Nugent GE, Aneloski NM, Schmidt TA,
Schumacher BL, Voegtline MS, Sah RL. Dynamic
shear stimulation of bovine cartilage biosynthesis of
proteoglycan 4. Arthritis Rheum 2006;54:1888e96.
15. Lee CR, Grad S, Gorna K, Gogolewski S, Goessl A,
Alini M. Fibrinepolyurethane composites for articular
cartilage tissue engineering: a preliminary analysis.
Tissue Eng 2005;11:1562e73.
16. Wimmer MA, Grad S, Kaup T, Haenni M, Schneider E,
Gogolewski S, et al. Tribology approach to the engi-
neering and study of articular cartilage. Tissue Eng
2004;10:1436e45.
17. Gorna K, Gogolewski S. Novel biodegradable polyure-
thanes for medical application. In: Agrawal CM,
Parr JE, Lin ST, Eds. Synthetic bioabsorbable polymers
for implants, ASTM STP 1396. West Conshohocken,
PA: American Society for Testing and Materials 2000:
39e57.
18. Gorna K, Gogolewski S. Biodegradable polyurethanes
for implants. II. In vitro degradation and calciﬁcation ofmaterials from poly(epsilon-caprolactone)-poly(ethyl-
ene oxide) diols and various chain extenders. J Biomed
Mater Res 2002;60:592e606.
19. Grad S, Zhou L, Gogolewski S, Alini M. Chondrocytes
seeded onto poly (L/DL-lactide) 80%/20% porous
scaffolds: a biochemical evaluation. J Biomed Mater
Res 2003;66:571e9.
20. Tschan T, Hoerler I, Houze Y, Winterhalter KH,
Richter C, Bruckner P. Resting chondrocytes in culture
survive without growth factors, but are sensitive to
toxic oxygen metabolites. J Cell Biol 1990;111:
257e60.
21. Labarca C, Paigen K. A simple, rapid, and sensitive
DNA assay procedure. Anal Biochem 1980;102:
344e52.
22. ABI PRISM 7700 Sequence Detection System User
Bulletin [2]. Perkin Elmer Applied Biosystems 1997;
11e5.
23. Lee CR, Grad S, MacLean JJ, Iatridis JC, Alini M. Effect
of mechanical loading on mRNA levels of common en-
dogenous controls in articular chondrocytes and inter-
vertebral disk. Anal Biochem 2005;341:372e5.
24. Grad S, Gogolewski S, Alini M, Wimmer MA. Effects of
simple and complex motion patterns on gene expres-
sion of chondrocytes seeded in 3D scaffolds. Tissue
Eng 2006;12:3171e9.
25. Archer CW, McDowell J, Bayliss MT, Stephens MD,
Bentley G. Phenotypic modulation in sub-populations
of human articular chondrocytes in vitro. J Cell Sci
1990;97(Pt 2):361e71.
26. Grad S, Lee CR, Wimmer MA, Alini M. Chondrocyte
gene expression under applied surface motion.
Biorheology 2006;43:259e69.
27. Lee DA, Noguchi T, Knight MM, O’Donnell L, Bentley G,
Bader DL. Response of chondrocyte subpopulations
cultured within unloaded and loaded agarose. J Orthop
Res 1998;16:726e33.
28. Schmidt TA, Schumacher BL, Klein TJ, Voegtline MS,
Sah RL. Synthesis of proteoglycan 4 by chondrocyte
subpopulations in cartilage explants, monolayer cul-
tures, and resurfaced cartilage cultures. Arthritis
Rheum 2004;50:2849e57.
29. Darling EM, Hu JC, Athanasiou KA. Zonal and topo-
graphical differences in articular cartilage gene expres-
sion. J Orthop Res 2004;22:1182e7.
30. Recklies AD, White C, Melching L, Roughley PJ. Differ-
ential regulation and expression of hyaluronan syn-
thases in human articular chondrocytes, synovial cells
and osteosarcoma cells. Biochem J 2001;354(Pt 1):
17e24.
31. Klein TJ, Schumacher BL, Schmidt TA, Li KW,
Voegtline MS, Masuda K, et al. Tissue engineering
of stratiﬁed articular cartilage from chondrocyte
subpopulations. Osteoarthritis Cartilage 2003;11:
595e602.
32. Kim TK, Sharma B, Williams CG, Ruffner MA, Malik A,
McFarland EG, et al. Experimental model for cartilage
tissue engineering to regenerate the zonal organiza-
tion of articular cartilage. Osteoarthritis Cartilage
2003;11:653e64.
